Anabaena circinalis (Kutz.) Rabenhorst was isolated during a taste and odor episode characterized by high concentrations of geosmin, with raw water containing up to 45 ng geosminIL. This species has been successfully cultured with sustained geosmin synthesis on both sterile river water and defined medium. Gas chromatography of cellular extracts and closed-loop stripping of growth media indicated that this organism produces geosmin and not 2-methylisoborneol (MIB). With cultures we examined the changes in cell associated geosmin, chlorophyll and released geosmin during exponential and stationary growth phases of Anabaena. Cell-associated geosmin samples were collected daily from cultures and filtered onto a polycarbonate filter, extracted in acetone, and quantified by capillary gas chromatograph using flame ionization detection. Media-associated geosmin was quantified from algae-free filtrates from each culture concentrated by closed-loop stripping and analyzed as above. Cell-associated geosmin averaged at 8 x 10-6 ng geosminlcell in the exponential phase and dropped to 2.5 x 10-6 ng geosminlcell in the stationary phase of growth. The loss in cell-associated geosmin was accompanied by an increase in geosmin released into the media. Media-associated geosmin reached 12 nglmL in the stationary phase. Apparently cell lysis in the stationary phase caused the release of cell-associated geosmin into the media. Cell-associated geosmin was closely correlated with filament number (average r 2 from 4 experiments =0.96) during the exponential growth phase and was correlated with chlorophyll a (average r 2 from 3 experiments =0 .95) .
INTRODUCTION
Taste and odors in drinking water supplies have been a concern for many years, and are a widespread problem throughout the world. Several organisms have been implicated in producing undesirable compounds in drinking water, although anthropogenic tastes and odors from industrial chemicals and water treatment are also possible (Bartels et at., 1986) . The earthy-musty flavors can be caused by one group of compounds which are produced by actinomycetes and certain cyanobacteria and are particularly difficult to remove from water. Gaines and Collins (1963) first isolated volatile earthy-smelling compounds from Streptomyces odorifer, and Gerber and Lechevalier (1965) attributed an earthy odor to actinomycetes and named the substance geosmin.
Rosen ' 6t al. (1970) were the first to characterize geosmin in natural waters, and Safferman et al. (1967) discovered geosmin in a cyanobacterial culture. Henley (1970) characterized the species Anabaena circinalis as a geosmin producer, and this is the species we have isolated from the Hillsborough River (Tampa, FL) that exclusively and consistently produces geosmin in culture. In 1984, the American Water Works Association Research Foundation conducted a survey of North American water utilities; and cyanobacteria were identified as the predominant group relevant for taste and odor problems (Barnett, 1984) . Anabaena was identified by 46% of the respondents as the responsible genus for these problems, while benthic forms such as Oscillatoria accounted for only 16% of the problems associated with cyanobacteria.
One problem that has not been addressed and is the focus of this research, is the significance of growth phase on the release of geosinin. Cyanobacteria exhibit the typical growth sequence in culture; lag phase with slow growth, exponential phase, with a logarithmic increase in cell number, and stationary phase, where growth slows and eventually stops. The amount of geosmin in the cells during these different stages should influence the amount released to the environment. When cells begin to age, two possible scenarios can be described; one is a subtle alteration in cellular membrane and subsequent loss of osmotic regulation followed by death. The other scenario could be total lysis of cells upon reaching the end of the stationary phase. Each of these scenarios for cell , death will release different amounts of geosmin from the cells. Only in one study with cultures of Oscillatoria treated witl) copper sulfate was death, and subsequent release of 2-methylisoborneol (MIB), examined (Izaguirre et ai., 1983) . MIB is another earthy-musty smelling compound produced by certain microorganisms. In contrast, recent work by Wu and Jii ttner (1988) has shown that geosmin and MIB are retained in cells after rupturing and appears to be associated with high molecular weight cellular constituents. Geosmin appeared to be associated with thylakoid membranes while MIB was associated with cellular proteins (WU and Jii ttner, 1988) . Naes et al. (1985) and Naes and Post (1988) indicated that chlorophyll was related to geosmin production, supporting the idea that geosmin is associated with thylakoids.
In this study, the amount of geosmin in cells of Anabaena circinalis throughout the phases of growth was examined. Also the amount of geosmin in the media was determined in order to correlate cell-associated geosmin with its release from cells during growth. Cellular chlorophyll concentrations were measured to determine if a relationship exists between cellular chlorophyll and geosmin.
MA1ERIALS AND METHODS
The initial stage of this research involved the isolation and culturing of Anabaena circinalis (Kutz.) Rabenhorst that produced geosmin in the Hillsborough River. Anabaena from the Hillsborough River was streaked for isolation on agar and liquid defined medium (Table 1) as well as sterile-filtered Hillsborough River water. Individual colonies which were free of eukaryotic algae and protozoans were used for subsequent investigations. All defmed media and stock solutions were made with Type 1 deionized water (> 1 0 megohm cm) at 250 C. Cultures were grown under continuous illumination with fluorescent lighting and aerated with sterile air. Cultures of Anabaena grow prolifically, and have maintained geosmin production after 2 years of laboratory culturing. Cultures were screened for actinomycetes and other geosmin-producing contaminants, and none were present. In order to quantify the number of cyanobacteria present in the cultures, counts were made of the filaments and the number of cells/filament by visual counting in a nanoplankton counting chamber. Some data presented are expressed as filaments/mL· and other data are cells/mL. Chlorophyll a concentration was determined spectrophotometric ally (Standard Methods, 1989) in acetone extracts of cells that were concentrated by filtration onto glass fiber filters. Concentrations ranged from 41 mglm 3 at the start of an experiment to 4170 mglm 3 when cultures reached stationary phase.
We examined the changes in cellular and media geosmin during different growth phases from four separate experiments. Cell-associated geosmin was quantified by filtering a known volume of culture, with a measure cell number, through a 0.2 J.lm polycarbonate filter. The filter, with a known number of cells, was extracted in 100 % acetone in a vial sealed with a Teflon-coated (septum) top. The entire vial was sonicated to rupture the cells and to assist in the extraction of geosmin, however, we determined that sonication was not necessary and did not increase the efficiency of extraction. We determined that the acetone extraction technique was 95% efficient.
The cellular extract was spiked with three internal standards; chlorodecane, chlorododecane and chlorooctane, which were used for relative recovery and quantitative analysis of geosmin. Gas chromatography with flame ionization detection (Varian Model 3300 Gas Chromatograph) and a SPB-5 capillary column (Supelco: 0.25 mm x 60 m, with a 0.25 J.lm film thickness) was used for separation and quantifying geosmin in the samples. 
RESULTS AND DISCUSSION

Growth of Anabaena
Anabaena circinalis is a filamentous cyanobacterium (blue-green alga) that forms a loose coil that resembles a spring. Filaments range from 1 to 20 coils and consistently averaged 32 cells/coil. Each coil has two heterocysts which develop from the vegetative cells and are responsible for fixing atmospheric nitrogen. Filaments elongate by simple binary fission of cells in the filament. As filaments age, they tend to break up into shorter coils and specialized resting cells, akinetes, are formed.
Cultures attained densities of 40-60,000 filaments/mL, and were limited by light at this density. The growth in a batch culture exhibits a growth curve with the lag, exponential (logarithmic) and stationary phases illustrated in Fig.l . During exponential growth, which usually lasts only 1-2 days, a rate of 2 divisions/day was common.
Geosmin Production in Anabaena
The amount of geosmin was determined from the cells in the culture on each day of the growth curve (Fig. 1 ).
In addition, the amount of geosmin found in the medium was determined and compared to the cells. As the number of filaments increased exponentially, the cell-associated geosmin also increased exponentially and reached 28 nglmL of culture. During this same time frame, media geosmin increased only gradually until the onset of the stationary phase of growth. As cells entered the stationary phase of growth, media geosmin increased rapidly and reached 12 nglmL in the stationary phase (Fig. 1) . Geosmin content was greatest in young cells, and was released as tells began to age (Fig. 2) .
Although the amount of geosmin per cell decreases during the frrst 4 days of growth, the greatest loss occurred between day 4 and 5 of growth. This also corresponded to the time when the cells reached stationary phase. Concentrations were initially 11 x 10-6 ng geosmin/cell in the lag stage of growth and decreased to 2.5 x 10-6 ng geosmin/cell in the stationary phase of growth (Fig. 2) . Statistical analysis of the data using regression analysis (Table 2) , clearly indicated the strong relationship between filament numbers and cell-associated geosmin, while media geosmin was not directly proportional to the number of filaments/mL. The amount of geosmin/cell is very similar to the concentration determined by Miwa and Morizane (1988) , who found between 1.0-4.0 x 10-6 ng geosmin/cell in Anabaena macrospora cells. Apparently cells leak: a large portion of the cell-associated geosmin as they enter the stationary phase of growth, which causes an increase in geosmin in the growth media. This hypothesis agrees with the work conducted by Miwa and Morizane (1988) , who found that deterioration of Anabaena macrospora cells induced by micronutrient deficiency caused an increase in geosmin release to the culture medium.
The lOcation of the accumulated geosmin would be indicative of associated metabolic pathways, and this hypothesis has led some investigators to examine subcellular compartments in geosmin accumulation cyanobacteria. Wu and Jiittner (1988) determined that thylak:oid and cytoplasmic membranes were rich in geosmin in Oscillatoria tenuis. The majority of membrane in a cyanobacterial cell is associated with the photosynthetic thylak:oids, enhancing the possibility of a relationship between geosmin and chlorophyll a. This relationship is supported by a biochemical connection through the isoprenoid pathway. The isoprenoid pathway is used during the synthesis of the phytol tail of chlorophyll a (Naes and Post, 1988) and this pathway is used in the synthesis of geosmin, as found in Streptomyces by Bentley and Meganathan (1981) .
In our research, we also examined the relationship between chlorophyll a and geosmin. To do this comparison, we sampled both geosmin and chlorophyll from cultures during the different phases of growth and then determined the correlation coefficient for these data (Table 2 ). These data also showed a direct proportional relationship as determined by regression analysis (Table 2) . A very strong relationship was found between cell-associated geosmin and cellular chlorophyll (Table  2) . Chlorophyll a is the principle photosynthetic pigment in Anabaena, and as cells aged, they lost chlorophyll, which followed the same trend as cell-associated geosmin. This close correlation strongly supports some common metabolism for these compounds. The exact relationship between these compounds is not known at this time and no direct relationship can be implied. Chlorophyll a and media geosmin did not show the close relationship compared to chlorophyll and cell-associated geosmin, which indicated that chlorophyll a content alone can not be used to predict the amount of geosmin that will be released from cells.
CONCLUSION
In this study, we have investigated the accumulation and release of geosmin from Anabaena circinalis during the different phases of growth in a laboratory culture. From our data,it was apparent that cells accumulate geosmin during exponential growth and subsequently release it as cells begin to age. The geosmin in the cells is directly proportional to chlorophyll a and this may have some metabolic . significance. Efforts to control natural populations of cyanobacteria need to consider the growth phase of the organism that is being manipulated. The nature of cell death may have a direct influence on the release of the cell-associated geosmin into surrounding water, and should be addressed during blooms of cyanobacteria in drinking water supplies.
